Introduction {#sec1}
============

Stroke is a worldwide disease. Hemorrhagic strokes account for around 13% of strokes, and ischemic strokes account for around 87%.[@bib1] Despite extensive research and development work, there is no effective treatment for this widespread disorder.[@bib2] Cerebral ischemia leads to many injuries, including energy failure, intracellular calcium overload, and cell death (necrosis and apoptosis).[@bib3] In order to reduce these injuries, enough attention must be paid to apoptosis. The overall evidence suggests that anti-apoptotic factors are important for the protection of neurons from cerebral ischemia.[@bib4] Ischemic stroke core cells die within minutes, and cells in the surrounding area (ischemic penumbra) continue to die several hours or even several days after injury. The main form of cell death is apoptosis.[@bib5] Since the brain tissue damage in the ischemic penumbra develops more slowly, there is enough time for neuroprotective treatment.[@bib6] Thus, developing therapeutic agents that can inhibit neuronal apoptosis in the ischemic penumbra has become an important task in this field.

Resveratrol (3,4,5-trihydroxystilbene, Res), is a phenolic product found in *Polygonum cuspidatum* and also found abundantly in red wine and the skin of red grapes.[@bib7] It has been studied widely for its anti-apoptosis effects.[@bib3] Numerous studies have revealed that mitochondrial damage is a central step in stroke.[@bib8] Recent research shows that resveratrol can protect hippocampal neurons from damage caused by transient cerebral ischemia.[@bib9] However, the evidence revealing that resveratrol exerts neuroprotection in cerebral ischemia injury is not fully understood.

In recent years, some studies have shown that PI3K/AKT/mTOR signaling is an important pathway mediating cell survival and differentiation, proliferation, apoptosis, and metastasis.[@bib10] One study showed that the proliferation of hepatocellular carcinoma cells could be inhibited by downregulating the PI3K/AKT/mTOR pathway with certain anticancer drugs.[@bib11] Further evidence has shown that resveratrol-induced neuroprotection can be mediated through the activation of the PI3K/AKT signaling pathway, thereby leading to the prevention of neuronal death after brain ischemia in rats.[@bib12] Emerging evidence has also shown that blocking the PI3K/AKT/mTOR signaling pathway may be the key pathway for induction of apoptosis and inhibition of proliferation.[@bib13], [@bib14]

Studies have shown that the JAK/STAT signaling pathway can regulate the biological characteristics of cancer cells, such as proliferation, growth, differentiation, migration, and invasion.[@bib15] The JAK/STAT pathway is a major broad cytokine and growth factor signaling mechanism that mediates the constitutive JAK and STAT PI3K/AKT signal transduction reporter kinase.[@bib16], [@bib17] AKT and STAT3 can induce the expression of Bcl-XL and the expression of BAX-binding molecule and inhibit the formation of BAX homodimers.[@bib18]

In this study, we focused on investigating the mechanisms through which resveratrol exerts neuroprotection and identifying the relationship between JAK2/STAT3 and PI3K/AKT/mTOR. Our results suggested that resveratrol can induce the activation of JAK2/STAT3 and PI3K/AKT/mTOR, and resveratrol may indirectly upregulate the PI3K/AKT/mTOR pathway through the activation of JAK2/STAT3.

Methods and materials {#sec2}
=====================

Animals and study design {#sec2.1}
------------------------

A total of 125 adult male Sprague--Dawley rats weighing 230--270 g (Experimental Animal Research Center, Chongqing Medical University, China) were used in this experiment. All of the animals were kept in a standard environment (25 ± 2 °C) with a 12:12 h light-dark cycle. Prior to operation, all rats were fasted for 12 h. The rats were randomly divided into five groups: the sham group (Sham, n = 25), the vehicle middle cerebral artery occlusion (MCAO) group (Veh, n = 25), the resveratrol MCAO group (Res, n = 25), the LY294002 (PI3K inhibitor) MCAO group (Res + LY294002, n = 25), and the AG490 (JAK2 inhibitor) MCAO group (Res + AG490, n = 25). The Sham group was subjected to the same operation steps, but the nylon filament was not inserted. Resveratrol (Solarbio, Beijing, China) was dissolved in 4% dimethyl sulfoxide (DMSO). Prior to MCAO surgery, the resveratrol, Res30 + LY294002, and Res30 + AG490 groups received an intraperitoneal injection of 30 mg/kg resveratrol once daily for 7 days and once again prior to operation. The vehicle group received the same volume of DMSO without resveratrol. The resveratrol and dose were chosen according to previous studies.[@bib19]

Intracerebral ventricular injection {#sec2.2}
-----------------------------------

To Figureure out the role of the PI3K pathway following cerebral I/R, rats in the Res30 + LY294002 group were pretreated with LY294002 (Selleckchem, Houston, USA), an effective inhibitor of PI3K, as previously described.[@bib20] Prior to surgery, dimethyl sulfoxide (DMSO) and ethanol (ETOH) were used as solvents for LY294002, dissolved to a concentration of 20 mM. Animals were anesthetized (7% chloral hydrate, 350 mg/kg, IP) and fixed on a stereotaxic apparatus. The skull was exposed as follows: anteroposterior (AP), 0.8 mm posterior to bregma; mediolateral (ML), 1.4 mm away from midline on the right side; dorsoventral (DV), 3.6 mm deep into the skull surface. The preparation of LY294002 and the vehicle was performed by the same researcher who was responsible for the drug administration. At 30 min before surgery, intracerebroventricular injection of 5 μl LY294002 solution or vehicle (DMAO + ETOH) into the ischemic side was performed.[@bib21] We examined the effects of low (2 μl, 20 nM/ml), medium (4 μl, 20 nM/ml), and high (6 μl, 20 nM/ml) dosages of AG490 (JAK2 inhibitor; Selleckchem, Houston, USA) on cerebral I/R injury to identify the optimal dosage (6 μl, 20 nM/ml) for maximizing the inhibiting effects. The Res30 + AG490 group was subjected to the same procedure as the Res30 + LY294002 group.

Middle cerebral artery occlusion model {#sec2.3}
--------------------------------------

MCAO was used to induce ischemic brain injury in rats as described previously.[@bib22] In short, a 2 cm longitudinal incision was made on the right side of the neck, and the right internal carotid artery and external carotid artery were isolated and exposed. A standard 4--0 nylon filament with a heat-blunted tip was inserted into the internal carotid artery from the external carotid artery to block the middle cerebral artery for 2 h. Sham rats received the same operation except that the nylon filament was not inserted. After 2 h of ischemia, the rats were reperfused by removing the nylon filament. At 24 h after MCAO, a researcher blinded to the entire study assessed the extent of neurological deficits. Neurological deficit assessment was conducted using a 5-point system[@bib22]: (0) no significant neurological deficits; (1) failure to completely extend the contralateral forepaws; (2) circling to the opposite side; (3) falling to the contralateral side; (4) unable to walk.

Infarct volume measurement {#sec2.4}
--------------------------

The infarct volume was assessed 24 h after MCAO. Brain tissue was removed and frozen at −20 °C for 30 min and then cut into 2 mm-thick coronal sections (6 slices) and incubated in 2% TTC (Sigma--Aldrich, Saint Louis, MO, USA) at 37 °C for 30 min. Each section was soaked in 4% paraformaldehyde for 24 h, and then a picture was taken. ImageJ software was used to analyze the infarct area.[@bib23]

Hematoxylin and eosin (H&E) staining {#sec2.5}
------------------------------------

All rats were treated with 4% paraformaldehyde (PFA), which was perfused through the heart. Their brains were then removed and post-fixed for 48 h. A cryostat vibratome (UltraPro 5000, USA) was used to cut brain sections coronally into a thickness of 15 μm. The sections were stained with H&E. Finally, a blinded investigator used a microscope to take images.[@bib24]

Western blot analysis {#sec2.6}
---------------------

Total protein from the ipsilateral side of the cerebral cortex was extracted using RIPA lysis buffer (50 mM Tris \[pH 7.4\], 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) with PMSF and a phosphatase inhibitor. A protein concentration assay kit (Beyotime Biotechnology, Beijing, China) was used to determine the protein content. SDS-PAGE was used to separate the protein. The anti-JAK2 (CST, MA, USA), anti-STAT3 (CST, MA, USA), anti-AKT (CST, MA, USA), anti-mTOR (CST, MA, USA), anti-phospho-JAK2 (Y1007 + 1008) (Abcam, CA, USA), anti-phospho-STAT3 (Tyr705) (CST, MA, USA), anti-phospho-AKT (Ser473) (CST, MA, USA), anti-phospho-mTOR (Ser2448) (CST, MA, USA), anti-BCL-2(CST, MA, USA), anti-BAX (CST, MA, USA), anti-cleaved caspase-3 (CST, MA, USA), and anti-GAPDH (CST, MA, USA) antibodies were incubated with the protein. The protein was visualized with SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific, MA, USA).[@bib3]

Real-time quantitative PCR (RT-qPCR) {#sec2.7}
------------------------------------

Total RNA was isolated using RNA Plus (Takara, Otsu, Shiga, Japan). Equal RNA samples (1000 ng) were reverse-transcribed to cDNA using the PrimeScript RT gDNA Eraser kit (Takara, Otsu, Shiga, Japan). Primer sets were as follows:β-actin, forward: 5-AGATGTGGATCAGCAAGCA-3, reverse, 5-GCGCAAGTTAGGTTTTGTCA-3;BCL-2, forward: 5- AGGATTGTGGCCTTCTTTGA-3, reverse: 5-CAGATGCCGGTTCAGGTACT-3;BAX, forward: 5-GCTGGACACTGGACTTCCTC-3, reverse: 5-ACTCCAGCCACAAAGATGGT-3;caspase-3, forward: 5-TGCCAGAAGATACCAGTGGA-3, reverse: 5-TGACTGGATGAACCATGACC-3.

The mRNA expression of BCL-2, BAX, and caspase-3 was normalized to the internal control, β-actin. Quantitative PCR was performed with SYBR Premix ExTaq TMII (Takara, Otsu, Shiga, Japan).

Immunohistochemistry {#sec2.8}
--------------------

The fixed tissues were cut coronally into 5 μm-thick serial sections, and then immunohistochemistry was performed following the immunohistochemical kit (Boster Biological Technology, Wuhan, China).[@bib25] The BCL-2 (1:300; Cst, MA, USA), BAX (1:300; Cst, MA, USA), and cleaved caspase-3 (1:300; Cst, MA, USA) antibodies were used in this procedure. A blinded investigator used a microscope to take images and chose images randomly for each section. Analysis of BCL-2, BAX, and cleaved caspase-3 expression was conducted using Image-Pro Plus software.

TUNEL staining {#sec2.9}
--------------

TdT-mediated dUTP nick-end labeling (TUNEL) staining (Beyotime Biotechnology, Beijing, China)was performed to detect the apoptotic rate. Briefly, sections were permeabilized by proteinase K solution (20 μg/ml) at 37 °C for 30 min, then washed with PBS three times for 10 min each time. Then, the terminal deoxynucleotidyl transferase (TdT) and fluorescein were added to the section and incubated in a humidified box at 37 °C for 1 h. A blinded investigator used a microscope to take images and chose them randomly for each section.[@bib26] Image-Pro Plus 6.0 was used to quantify the number of TUNEL-positive neurons.

Data analysis and statistics {#sec2.10}
----------------------------

GraphPad Prism 5.0 and SPSS 19.0 were used to analyze all the data. All data are shown as mean ± *SEM*. One-way analysis of variance (ANOVA) was used for multiple comparison of the vehicle and treatment groups. A *P* value less than 0.05 was considered statistically significant.

Results {#sec3}
=======

Resveratrol provides neuroprotection in MCAO rats {#sec3.1}
-------------------------------------------------

After 24 h of cerebral I/R, the neurological deficit scores and ischemia infarct areas were evaluated ([Fig. 1](#fig1){ref-type="fig"}). The sham group had lower neurological deficit scores, while the vehicle group had higher neurological deficit scores ([Fig. 1](#fig1){ref-type="fig"}A). The average neurological deficit score for both the vehicle group and the Res + LY294002 group was 3.33, which was much greater than the average of 1.33 in the resveratrol group ([Fig. 1](#fig1){ref-type="fig"}A; \*\**P* \< 0.01, Veh and Res + LY294002 vs. Res). The average neurological deficit score in the Res + AG490 group was 3.67, which was higher compared with the resveratrol group and decreased with decreased dosage ([Fig. 1](#fig1){ref-type="fig"}A; \*\**P* \< 0.01; Res + AG490 \[6 μl, 20 nM/ml\] vs. Res). TTC staining indicated that the cerebral infarct volumes in the vehicle group and Res + LY294002 group were 47.33% and 45.67%, respectively, which was higher compared with the resveratrol group ([Fig. 1](#fig1){ref-type="fig"}B,C; \*\**P* \< 0.01; Veh and Res + LY294002 vs. Res). The average cerebral infarct volume in the Res + AG490 group was 48.5%, which was greater compared with the resveratrol group and decreased with decreased dosage ([Fig. 1](#fig1){ref-type="fig"}B,C; \*\**P* \< 0.01; Res + AG490 \[6 μl, 20 nM/ml\] vs. Res). Since a significant inhibiting effect was observed with AG490 at 6 μl, 20 nM/ml, this dose was used in the rest of the study. In the non-ischemia area, H&E revealed that the cells were regular in shape and abundant in cytoplasm and had an intact cell nucleus. In the ischemic core region, the cell membrane was shrunken, and the nucleus was condensed and fragmented. In the ischemic penumbra zone, the cells had a regular shape, and a few cells were degenerated and necrotic compared with the ischemic core region. Taken together, these findings indicated that resveratrol may exert a neuroprotective effect in MCAO rats.Figure 1Resveratrol exerts a neuroprotective effect 24 h after I/R. (A) The neurological deficit score in the resveratrol group was significantly decreased compared with the vehicle group. However, it was significantly increased after administration of 6 μl (20 nM/ml) AG490 in the Res + AG490 group compared with the Res group. (B--C) Infarct volumes in the resveratrol group were significantly decreased compared with the vehicle group. The infarct volumes were significantly increased after administration of 6 μl (20 nM/ml) AG490 in the Res + AG490 group compared with the Res group. Red represents normal tissue and white represents infarct tissue. (D) Morphology and structure of brain cells in Veh group rats. Data are presented as mean ± *SEM*. (\**P* \< 0.05 and \*\**P* \< 0.01; n = 5 in each group).Figure 1

Resveratrol mediated the expression of proteins in the PI3K/AKT/mTOR pathway {#sec3.2}
----------------------------------------------------------------------------

In order to investigate whether the PI3K/AKT/mTOR pathway is involved in the neuroprotective effects of resveratrol, the protein expression involved in the PI3K/AKT/mTOR pathway was carefully tested by Western blots ([Fig. 2](#fig2){ref-type="fig"}A,B). The results showed that the protein expression of p-AKT (Ser473) and p-mTOR (Ser2448) in the resveratrol group was increased 1.66-fold compared to the Veh group after 24 h of cerebral I/R ([Fig. 2](#fig2){ref-type="fig"}A,B; \**P* \< 0.05; Res vs. Veh). In addition, LY294002 (PI3K inhibitor) significantly attenuated resveratrol-induced protein expression of p-AKT (Ser473) and p-mTOR (Ser2448) to 0.52% and 0.63%, respectively ([Fig. 2](#fig2){ref-type="fig"}A,B; \**P* \< 0.05; Res + LY294002 vs. Res). The total protein expression of AKT and mTOR remained the same. These observations supported the hypothesis that resveratrol could provide a neuroprotective effect through activating the PI3K/AKT/mTOR pathway.Figure 2Effects of resveratrol on protein expression of JAK2, STAT3, AKT, mTOR, p-JAK2, p-STAT3, p-AKT, p-mTOR, BCL-2, BAX, and cleaved caspase-3 at 24 h after reperfusion. (A) The protein expression of p-AKT was increased 1.66-fold in the resveratrol group compared to the vehicle group, which was partially reversed by LY294002 (PI3K inhibitor). (B) The protein expression of p-mTOR was increased 1.66-fold in the resveratrol group compared to the vehicle group, which was also partially reversed by LY294002. (C) JAK2 inhibitor AG490 significantly decreased the protein expression of p-AKT compared with the resveratrol group. (D) The effect of PI3K inhibitor LY294002 on p-JAK2 after resveratrol treatment was not significant. (E) JAK2 inhibitor AG490 significantly decreased the protein expression of p-STAT3 compared with the resveratrol group. (F) Western blot indicated significantly higher BLC-2 and lower BAX and cleaved caspase-3 in the resveratrol group than in the vehicle group. These effects were partially reversed by LY294002 and AG490. Data are presented as mean ± *SEM*. (\**P* \< 0.05; n = 5 in each group).Figure 2

The relationship between JAK2/STAT3 and PI3K/AKT/mTOR in the resveratrol-mediated signaling pathway {#sec3.3}
---------------------------------------------------------------------------------------------------

Western blotting indicated that the protein expression of p-JAK2 (Y1007 + Y1008) and p-STAT3 (Tyr705) in the resveratrol group increased 3.35-fold ([Fig. 2](#fig2){ref-type="fig"}D; \*\**P* \< 0.01; Res vs. Veh) and 1.29-fold ([Fig. 2](#fig2){ref-type="fig"}E; \**P* \< 0.05; Res vs. Veh), respectively, compared to the Veh group at 24 h after reperfusion. AG490 (JAK2 inhibitor) significantly attenuated resveratrol-induced p-JAK2 (Y1007 + Y1008), p-STAT3 (Tyr705), and p-AKT (Ser473) protein expression to 7% ([Fig. 2](#fig2){ref-type="fig"}D; \*\**P* \< 0.01; Res + AG490 vs. Res), 33% ([Fig. 2](#fig2){ref-type="fig"}E; \**P* \< 0.05; Res + AG490 vs. Res), and 61% ([Fig. 2](#fig2){ref-type="fig"}C; \**P* \< 0.05; Res + AG490 vs. Res), respectively. The effect of LY294002 (PI3K inhibitor) on p-JAK2 and p-STAT3 was not significant ([Fig. 2](#fig2){ref-type="fig"}D,E; *P* \> 0.05), and the total protein expression of JAK2 and STAT3 remained unchanged. These observations supported the hypothesis that resveratrol could exert neuroprotective effects through activating the JAK2/STAT3 pathway, and resveratrol might indirectly upregulate the PI3K/AKT/mTOR pathway by activating JAK2/STAT3.

Resveratrol mediated the protein and mRNA expression of BCL-2, BAX, and cleaved caspase-3 through JAK2/STAT3/PI3K/AKT/mTOR {#sec3.4}
--------------------------------------------------------------------------------------------------------------------------

Using Western blotting, we found that the expression levels of BCL-2 in the resveratrol group increased 1.53-fold ([Fig. 2](#fig2){ref-type="fig"}F; \**P* \< 0.05; Res vs. Veh) compared to the Veh group after 24 h of cerebral I/R, which was partially reversed by LY294002 and AG490. The BAX and cleaved caspase-3 expression in the resveratrol group decreased significantly to 78% ([Fig. 2](#fig2){ref-type="fig"}F; \**P* \< 0.05; Res vs. Veh) and 46% ([Fig. 2](#fig2){ref-type="fig"}F; \**P* \< 0.05; Res vs. Veh), respectively, compared to the Veh group, which was partially reversed by LY294002 and AG490. In the Res + LY294002 group, BAX increased significantly compared to the Veh group and Res + AG490 group ([Fig. 2](#fig2){ref-type="fig"}F; \**P* \< 0.05; Res + LY294002 vs. Veh and Res + AG490). In the Res + AG490 group, cleaved caspase-3 increased significantly compared to the Veh group and Res + LY294002 group ([Fig. 2](#fig2){ref-type="fig"}F; \**P* \< 0.05; Res + AG490 vs. Veh and Res + AG490). RT-qPCR analysis showed that BCL-2 levels were higher in the Res group compared to the Veh group. However, the BAX and cleaved caspase-3 levels were lower in the Res group compared to the Veh group, which was partially reversed by LY294002 and AG490, and the levels of BCL-2 were significantly lower in the Res + LY294002 group and Res + AG490 group compared to the Veh group ([Fig. 3](#fig3){ref-type="fig"}A). These results showed that resveratrol could inhibit cell apoptosis by downregulating the expression of pro-apoptotic BAX and cleaved caspase-3 and upregulating the expression of anti-apoptotic BCL-2 protein.Figure 3Effects of resveratrol on mRNA and protein expression of BCL-2, BAX, and cleaved caspase-3 after 24 h of cerebral I/R. (A) RT-qPCR analysis showed significantly higher BLC-2 and lower BAX and cleaved caspase-3 in the resveratrol group than in the vehicle group. These effects were partially reversed by LY294002 and AG490. (B) Typical immunohistochemical photographs of BCL-2, BAX, and caspase-3. (C) Immunohistochemical staining showed more BLC-2-positive and fewer BAX- and cleaved caspase-3-positive cells in the resveratrol group compared to the vehicle group. These effects were partially reversed by LY294002 and AG490. Data are presented as the mean ± *SEM*. (\**P* \< 0.05; n = 5 in each group).Figure 3

Resveratrol treatment regulates the expression of apoptosis-related proteins {#sec3.5}
----------------------------------------------------------------------------

To clarify the effect of resveratrol on neuronal apoptosis in the ischemic penumbra, we detected the BCL-2, BAX, and cleaved caspase-3 protein expression in the ischemic penumbra after 24 h of cerebral I/R. Immunohistochemistry results indicated that BCL-2 protein expression was significantly increased, while the protein expression of BAX and cleaved caspase-3 was decreased in the resveratrol group compared to the Veh group ([Fig. 3](#fig3){ref-type="fig"}B,C; \*\**P* \< 0.01; Res vs. Veh). These effects were partially reversed by LY294002 and AG490.

Resveratrol treatment decreases neuronal apoptosis in the ischemic penumbra {#sec3.6}
---------------------------------------------------------------------------

In order to observe the apoptosis of neurons in the ischemic penumbra, TUNEL was conducted after 24 h of cerebral I/R. There were many TUNEL-positive neurons in the ischemic penumbra of ischemic rats in the Veh group and fewer TUNEL-positive neurons in the sham group. There were fewer TUNEL-positive neurons in the resveratrol group than in the vehicle group ([Fig. 4](#fig4){ref-type="fig"}A; \**P* \< 0.05; Res vs. Veh), which was partially reversed by LY294002 and AG490. These findings supported the hypothesis that resveratrol inhibited neuron apoptosis by upregulating the JAK2/STAT3/PI3K/AKT/mTOR pathway after stroke in rats.Figure 4Effects of resveratrol on inhibition of neuronal apoptosis in the ischemic penumbra after 24 h of cerebral I/R and the mode of action for resveratrol\'s neuroprotection role in ischemic stroke. (A) TUNEL results showed that the TUNEL-positive cells in the resveratrol group were decreased compared to the vehicle group. These effects were partially reversed by LY294002 and AG490. Data are presented as mean ± *SD* (\**P* \< 0.05; n = 5 in each group). (B) The diagram of the JAK2/STAT3 and PI3K/AKT signaling pathway, which was involved in the neuroprotective effect of resveratrol against I/R injury. Resveratrol activated the JAK2/STAT3 and then activated the PI3K/AKT/mTOR signaling pathway, which in turn led to increased BLC-2 and decreased BAX and cleaved caspase-3, resulting in inhibition of apoptosis; this was reversed by the PI3K inhibitor LY294002 and JAK2 inhibitor AG490. However, reperfusion after ischemic stroke prevented these effects to induce apoptosis.Figure 4

Discussion {#sec4}
==========

In the present study, we investigated resveratrol-induced neuroprotection, which attenuates neuronal apoptosis and ischemia/reperfusion injury, as well as its mechanisms and signaling pathways. Our results suggested that resveratrol-induced neuroprotection was partially due to inhibition of neuronal apoptosis in the ischemic penumbra. In addition, we identified the optimal dosage (6 μl, 20 nM/ml) for maximizing the inhibiting effects. The resveratrol-mediated relationship between the PI3K/AKT and JAK2/STAT3 signaling pathways was also investigated; we found that both JAK2/STAT3 and PI3K/AKT/mTOR increased BCL-2 expression but decreased BAX and cleaved caspase-3 expression in the ischemia/reperfusion. We believe that resveratrol-induced neuroprotection can be attributed to the upregulation of the PI3K/AKT/mTOR pathway by activating JAK2/STAT3 in the ischemic penumbra, thereby conferring cerebral ischemic tolerance.

In this study, resveratrol, administered on seven consecutive days before MCAO, significantly improved neurological function after 24 h of cerebral I/R. The mechanism through which resveratrol provides its neuroprotection through neuronal anti-apoptosis in cerebral I/R injury requires further exploration. Ischemic stroke-caused cerebral damage can be classified into necrotic cell death and penumbral cell death. The definition of the ischemic penumbra was based on animal experiments showing dysfunction and electrophysiological disorders, with reduced blood flow to the brain below a specific limit (functional threshold) and irreversible tissue damage with further-reduced blood supply (infarctional threshold). The perfusion range between these thresholds was called the "penumbra".[@bib27] In the penumbra area, the limited blood supply conserves the energy metabolism. It has been reported that ischemic penumbra damage is reversible, whereas necrosis of the ischemic core is irreversible. Several studies have revealed that apoptosis is activated in the penumbra.[@bib28] Consistent with previous studies, our results indicated that I/R increased the numbers of TUNEL-positive cells and BAX-positive cells after 24 h of cerebral I/R in the penumbra ([Fig. 4](#fig4){ref-type="fig"}A), which partially indicated that apoptosis was activated in the penumbra. Furthermore, our results suggested that resveratrol can downregulate caspase-3 and BAX expression and decrease the number of TUNEL-positive cells, which indicates that resveratrol provides neuroprotection by inhibiting apoptosis in the penumbra area.

The PI3K/AKT pathway has been extensively studied for its neuroprotective effect in cerebral ischemia. Numerous studies have suggested that AKT activation plays an essential role in neuronal survival after cerebral I/R injury.[@bib29] In other studies, the neuroprotection of resveratrol was partially attributed to the activation of PI3K/AKT in cerebral I/R injury. Research has demonstrated that the investigated combined anti-apoptotic effects occur through the PI3K/AKT/caspase-3 pathway of resveratrol.[@bib30] Studies have also reported that polydatin can inhibit the proliferation of HeLa cells and induce apoptosis, and the PI3K/AKT/mTOR signaling pathway is involved in this process.[@bib31] It has been suggested that the proteins caspase, BCL-2, and BAX play key roles in the apoptotic process.[@bib17] Numerous studies have revealed that intrinsic or extrinsic pathways can induce apoptosis. Caspase is only activated when caspase is cleaved and initiator caspases, such as caspase-3, are activated.[@bib10] The BCL-2 family balances the mitochondrial potential of anti-apoptotic proteins (BCL-xL, BCL-2) and proapoptotic proteins (BAX) between protein upregulation and downregulation, determining whether cells undergo apoptosis or survive.[@bib32] Therefore, we tried to investigate the PI3K/AKT/mTOR pathway and cleaved caspase-3, BAX, and BCL-2, and further identified the underlying mechanisms.[@bib21]

The PI3K/AKT/mTOR signaling pathway has many subtypes of each molecule, each of which has a different mode of action, as well as many phosphorylation sites, which control the anti-apoptosis properties of cells.[@bib33], [@bib34], [@bib35] To clarify whether the PI3K/AKT/mTOR pathway is involved, in this study, we chose LY294002 to inhibit the function of PI3K. Evaluation of the apoptosis, neuronal injury, and the cerebral infarct area suggested that PI3K is involved in the neuroprotection of resveratrol in cerebral I/R. Furthermore, Western blot results suggested that the p-AKT and p-mTOR protein expression was reduced in the vehicle group after MCAO, while resveratrol increased p-AKT and p-mTOR protein expression after 24 h of cerebral I/R ([Fig. 2](#fig2){ref-type="fig"}A,B). Western blot showed significantly higher BLC-2 and lower BAX and cleaved caspase-3 in the resveratrol group than in the vehicle group ([Fig. 2](#fig2){ref-type="fig"}F). These effects were largely reversed by LY294002. These findings suggested that the PI3K/AKT/mTOR pathway plays an important role in the neuroprotective and anti-apoptotic effects of resveratrol on cerebral I/R injury. Furthermore, our findings indicated that resveratrol could inhibit cell apoptosis by downregulating the BAX and cleaved caspase-3 proteins and upregulating the BCL-2 protein through activation of the PI3K/AKT/m-TOR pathway.

STAT proteins were also involved in cell apoptosis, proliferation, and differentiation.[@bib36] Specifically, JAK2 is important for cytokine receptor signaling. Upon activation, JAK2 kinase phosphorylates STAT3. Once activated, it then phosphorylates Y705.[@bib37], [@bib38] Inhibiting the phosphorylation of STAT3 itself or blocking the upstream activators of STAT3 has been considered as a potential anticancer strategy. Many natural products have been widely reported to inhibit the activity of STAT3 and induce apoptosis in various tumor cell lines.[@bib37] In particular, there is growing evidence that salvianolic acid (Sal) significantly increases the phosphorylation of JAK2 and STAT3, and inhibition of JAK2 completely eliminates the beneficial effect of Sal on brain function recovery.[@bib39] The neuroprotective effect of curcumin is also associated with JAK2/STAT3 signaling activation. In one study, the administration of AG490 abolished the protective effect of curcumin, indicating that the phosphorylation of JAK2/STAT3 activation by curcumin and the neuroprotective signaling pathway are closely related.[@bib40]

Lost regulation of apoptosis is involved in cancer development. The JAK/STAT and PI3K/AKT/mTOR signaling pathways is involved in cell apoptosis.[@bib17] However, how resveratrol regulates the JAK2/STAT3 and PI3K/AKT/mTOR signaling pathway and the molecular mechanisms contributing to cerebral I/R apoptosis are unknown. In this study, we found that p-mTOR and p-JAK2, p-STAT3, and p-AKT protein expression was increased, whereas the expression of total mTOR and JAK2/STAT3/AKT was not changed significantly ([Fig. 2](#fig2){ref-type="fig"}A--E). This suggested that resveratrol could activate the phosphorylation of key proteins in these pathways. Our findings also suggested that resveratrol inhibits apoptosis in cerebral I/R via the concomitant upregulation of the JAK2/STAT3 and PI3K/AKT/mTOR pathways, since AG490 significantly attenuated resveratrol-induced p-JAK2, p-STAT3, and p-AKT protein expression. However, the effect of LY294002 on JAK2 and STAT3 phosphorylation levels was not significant ([Fig. 2](#fig2){ref-type="fig"}C--E), which was consistent with previous research indicating that JAK2 plays an important role in mediating the activation of constitutive STAT3 and PI3K/AKT/mTOR signaling. The findings of the present study lead us to conclude that the resveratrol-mediated upregulation of BCL-2 expression, downregulation of BAX and cleaved caspase-3 expression, and deregulation of downstream gene (BCL-2 family, caspase family) expression contribute to anti-apoptosis progression in cerebral I/R. These processes are mediated by the activation of the JAK2/STAT3/PI3K/AKT/mTOR pathway, and resveratrol may indirectly upregulate the PI3K/AKT/mTOR pathway through the activation of JAK2/STAT3.

In many cancer tissues and cells, overactivation of the epidermal growth factor receptor (EGFR) can reduce apoptosis and promote cell proliferation. In gastric cancer cells, PKGII plays a pro-apoptotic role through inhibition of the EGF/EGFR-induced PI3K/AKT signaling pathway.[@bib41] EGF/EGFR signaling also initiates signal transduction of the JAK/STAT-mediated pathway.[@bib42] Afatinib combined with dasatinib can exert a pro-apoptotic effect in cancer cells by blocking EGFRs and their downstream signaling pathways, including PI3K/AKT and JAK/STAT.[@bib43] In non-small cell lung cancer (NSCLC), EGFR mutations promote proliferation, inhibit apoptosis and migration, and then promote tumor progression by activating the PI3K/AKT and JAK/STAT signaling pathways.[@bib44] Therefore, EGFR and the JAK/STAT and PI3K/Akt signaling pathways are closely related. Whether resveratrol exerts a neuroprotective effect through upregulation of EGFR and the JAK/STAT and PI3K/Akt signaling pathways requires further research.

In conclusion, the findings of this study suggest that resveratrol provides neuroprotective effects against cerebral I/R injury, which is partially mediated by activation of the JAK2/STAT3/PI3K/AKT/mTOR pathway. In addition, resveratrol may indirectly upregulate the PI3K/AKT/mTOR pathway by activating JAK2/STAT3. Our findings regarding the resveratrol-mediated molecular mechanisms and signaling pathways provides a new insight into and therapeutic target for cerebral ischemia. Future studies should focus on other possible relationships between JAK2/STAT3 and PI3K/AKT/mTOR in the action of resveratrol in cerebral ischemia.
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